To determine whether genetic mechanisms control large interindividual variations in theophylline elimination in normal uninduced human subjects, and, if so, to test the possibility that these genetic factors are transmitted as a simple Mendelian trait, theophylline was administered to 79 unrelated adults, six sets of monozygotic twins, six sets of dizygotic twins, and six two-generation families. Thereafter, in urine collected from each subject at regular intervals for 48 h, concentrations of theophylline and its three principal metabolites were measured and rate constants of formation of these metabolites calculated.
acid, respectively. HI2 for the overall theophylline elimination rate constant (kei) was lower (0.34).
In the 79 unrelated adults, each distribution curve for rate constants of formation of each theophylline metabolite appeared to be trimodal. By contrast, the distribution curve for the overall theophylline elimination rate constant appeared to be either unimodal or bimodal. The extent of interindividual variation was fourfold for theophylline kei and 6-8-fold for the three principal metabolites. High correlations among the three rate constants in individual subjects suggested their regulation by a single shared factor.
In six families carefully selected to be under near basal environmental conditions so that hepatic theophylline metabolism of each family member would be neither markedly induced nor inhibited, phenotypes for theophylline metabolite rate constants were assigned. This assignment of phenotype was made by the position of each family member's rate constant on the three distribution curves that were generated from the 79 unrelated subjects. In each family, pedigree analysis of the three phenotypes for each rate constant was consistent with their control by two alleles at a single genetic locus and with autosomal codominant transmission. Frequencies of the two alleles at each genetic locus controlling rate constants of formation of theophylline metabolites were similar (p = 0.49, 0.53, and 0.52). In the three families studied with antipyrine (AP) as well as with theophylline, AP kel correlated (r -0.7) with each rate constant of theophylline metabolite Introduction Theophylline is commonly used as a bronchodilator and respiratory stimulant in acute and chronic asthma, CheyneStokes respirations, and episodes of apnea/bradycardia in newborns (1) . It also serves as an adjunct in the therapy of congestive heart failure and acute pulmonary edema (1) . In a particular patient, the therapeutic and toxic properties of theophylline depend on the rate of hepatic theophylline metabolism, since benefits and risks from therapy with theophylline relate directly to serum theophylline concentrations. In each patient, serum theophylline concentrations are functions both of the dose and elimination characteristics of the drug (1) . In adults as well as children, large interpatient variations occur in rates of theophylline elimination (2) (3) (4) (5) . This metabolic individuality of a particular subject has been stated to arise from interactions among genetic, environmental, physiological, and perhaps pathological factors that determine the activity of the hepatic mixed function oxidases that biotransform theophylline (6) . Diverse environmental factors are known to influence theophylline clearance (1) . Although genetic factors have also been frequently implicated in causing interindividual variations in theophylline metabolism (7) (8) (9) , evidence to support such a genetic hypothesis has until the present study been notably absent.
The present investigation was designed, therefore, to determine whether genetic mechanisms control these large interindividual variations in theophylline elimination in human subjects and, if they do, to test whether they are transmitted as a Mendelian trait. It was also of interest to determine whether any genetic factor affecting theophylline metabolism was closely related or identical to previously described polymorphisms of hepatic drug oxidation, such as those of debri-
The approach used in the present study consists of measuring rate constants of formation of theophylline metabolites in twins, unrelated subjects, and carefully selected families. In studies of normal families, rate constants of theophylline metabolite formation are as close to the primary gene products involved in theophylline metabolism as it is now possible to come short of the ethically unjustifiable liver biopsy. These primary gene products are different molecular forms (isozymes) of hepatic cytochrome P-450.
The 3 theophylline metabolites investigated were 3-methylxanthine (3-MX), I-methyluric acid (1-MU), and 1,3-dimethyluric acid (1, . Developmental and enzyme inductive studies suggest that the N-demethylation and 8-hydroxylation pathways of theophylline metabolism are mediated by two separate isozymes of cytochrome P-450 (3, (13) (14) (15) .
The rationale for the approach used in the present study derives from the conventional methodology in human genetics of testing a genetic hypothesis by analysis of pedigrees in which phenotypes are assigned according to the place of each family member within distribution curves of data gathered from unrelated subjects. This approach helped to elucidate several pharmacogenetic conditions, including atypical plasma cholinesterase, the acetylation polymorphism, glucose-6-phosphate dehydrogenase deficiency, and the polymorphic oxidations of debrisoquine (10) , mephenytoin (1 1), and AP (12) .
Methods
Selection of subjects. Normal subjects between the ages of 18 and 57 participated (27 from 6 two-generation families, 6 sets of monozygotic (MZ), and 6 sets of dizygotic (DZ) twins, and another 79 who were unrelated). Subjects were recruited from Hershey, PA and vicinity through notices placed in the medical school. They were carefully selected to be under near basal environmental conditions so that their rate of theophylline metabolism would be neither markedly induced nor inhibited. 15 of the 27 family members and several twins and unrelated subjects had previously participated in the AP studies performed in this laboratory (12, 16) . No subject had a history of serious illness or drug allergy, consumed any medications or ethanol regularly, smoked tobacco, or was chronically exposed to inducing or inhibiting chemicals.
Three of the six families were available from the 13 families previously recruited in this laboratory to identify the polymorphism affecting AP metabolism (12) because these families (numbered family 2, 1 1, and 13 in that study) offered an opportunity to trace transmission of the less frequently occurring AP allele. Evidence from other laboratories had indicated a positive correlation within subjects between rates of theophylline and AP metabolism (17) (18) (19) . Therefore, only the most informative families from our AP study (12) were used, since the present study attempted to determine whether one genetic locus might control a single cytochrome P-450 isozyme that regulates both AP and theophylline metabolism. 79 unrelated individuals were deemed sufficient to uncover a commonly occurring polymorphism, i.e., one in which q > 0.1. The debrisoquine polymorphism was discovered using a similar number of subjects (10) . Under a monogenic, two allele system a value of 0.1 for q derives from calculations of the number of individuals expected (p2, 2pq, and q2) with a phenotype corresponding to homozygosity for the p allele, heterozygosity, and homozygosity for the q allele, respectively, when different theoretical frequencies were assigned for alleles p and q.
Materials. Chemicals used in the chromatographic analysis were 1,3-MU and 3-MX from Fluka AG; I-MU from Adams Chemical, Round Lake, IL; theophylline from ICN Pharmaceuticals, Inc., Irvine, CA; and P-hydroxyethyltheophylline from Sigma Chemical Co., St.
Louis, MO. All chemicals used in the extraction procedure were either analytical or high performance liquid chromatography (HPLC) grade.
All organic solvents used in the chromatographic procedure were HPLC grade.
Sample collection. Subjects abstained from all medications and alcoholic beverages for 2 wk preceding and during the study. For 3 d before as well as during the study, subjects avoided foods and beverages containing methylxanthines. All were required to fast from solid foods for 8 h before and 4 h after receiving theophylline.
Two single-dose studies (protocols 1 and 2) were performed as follows: protocol 1-13 subjects reported at 0730 at which time a teflon intravenous catheter with a heparin well was placed in the forearm for removal of blood samples. At 0800, blood and urine samples were collected to be assayed as blanks. The subject was then given an oral dose (5 mg/kg) of theophylline (Elixicon by Berlex Laboratories, Wayne, NJ, a theophylline suspension). Thereafter, 5-ml blood samples were drawn and heparinized at 1, 2, 3, 5, 8, 13, 24, 28, 32, 36, and 48 h. Complete urine samples were collected at 4-h intervals for the first 48 h, then from 48 to 54 h, 54 to 60 h, and 60 to 72 h. 10 of the subjects repeated the above study 2 wk later.
In addition to providing blood, three subjects collected saliva samples, which were stimulated by chewing parafilm, at 4, 8, 12, 16, 20, 24, 28, 32 , and 36 h after drug administration. These three subjects did not take theophylline again. Protocol 2-the remainder of the subjects participated in this protocol. At 0800, after an 8-h fast, all subjects received an oral dose (5 mg/kg) of theophylline (Elixicon, by Berlex Laboratories). Saliva samples, stimulated by chewing parafilm, were collected at 2, 4, 6, 10, 16, 20, 24 , and 28 h after theophylline.
Complete urine samples were collected at 4-h intervals for the first 24 h, then at 6-h intervals for the second 24 h.
All samples were refrigerated after collection. Blood samples were centrifuged at 2,000 g for 10 min to obtain plasma. The volume of urine was measured and aliquots saved for subsequent analysis. All samples were frozen at -20°C until assayed. All samples were assayed within 2 mo (20) .
Assay procedure. Theophylline and its major metabolites, 3-MX, 1-MU, and 1,3-MU, were extracted from blood, saliva, and urine samples according to the method of Muir et al. (21) with the following modifications: (1) 1 ml of urine was extracted instead of 0.5 ml; (2) 0.2 ml of 0.5 M tetrabutyl ammonium hydrogen sulfate (TBAHS) solution was substituted for 0.5 ml of 0.1 M TBAHS; (3) the extraction mixture, ethylacetate/chloroform/isopropanol, was 40:40:20, vol/vol; (4) the reconstituting buffers contained 0.05 M sodium acetate instead of 0.01 M. Only 0.2 ml of each solution was used to reconstitute samples.
Aliquots of saliva (1.0 ml) or plasma (0.5 ml) were extracted as described for urine except only 0.1 ml of the internal standard solution and only 0.1 ml of each reconstituting solution were used. All glassware used in the extractions was treated with a silicone preparation 20 ,ug/ml, with sensitivity being -0.2 ug/ml for parent drug and its metabolites. To measure the amount of theophylline and its main metabolites in specimens of plasma and urine, peak area ratios of theophylline and its metabolites relative to the internal standard were obtained in each chromatogram by use of a 3390 A reporting integrator (Hewlett-Packard Co., Rockville, MD). Because metabolite concentrations in blood were below assay sensitivity in the unrelated volunteers studied using protocol 1, only saliva samples were collected from subjects participating in protocol 2. Saliva samples to measure theophylline concentrations only were prepared for HPLC analysis using the following modified acetonitrile extraction procedure (22). A 10-,d aliquot of internal standard, 2 ml of acetonitrile, and 0.5 ml of saliva which had been centrifuged for 20 min at 2,000 g were vortexed 15 s and centrifuged for 15 Pharmacokinetic analysis. Theophylline, when administered at a sub-therapeutic dose (5 mg/kg), and its three main metabolites, conform to an open one-compartment model with parallel, simultaneously occurring, first-order reactions in which excretion is faster than metabolite formation (23) (24) (25) (26) (27) . Kinetic data on theophylline elimination were analyzed by two different methods, the Rate method and the SigmaMinus method described in detail elsewhere (16, 26, 27) .
Data analysis for reproducibility. A two-tailed paired t test was performed to evaluate reproducibility of the rate constants of metabolite formation within an individual. This test is appropriate because it estimates both quantity and direction of change.
Genetic analysis oftwin data. To estimate the relative contributions of genetic and environmental factors to interindividual variations in the kinetic measurements, heritability (H2) was calculated by several methods (28) (29) (30) Distribution curves and probit analysis. Distribution curves were constructed for all rate constants from all unrelated individuals. Probit analysis (32) was used to attempt to identify modes and antimodes of these curves. The probit, y, is defined as the normal equivalent deviation, (x -q)/(o), increased by 5, where x is each data point, and A and a are the population mean and standard deviation, respectively.
Thus: y = 5 + (x -g)/(a). Regression lines formed when probits were plotted against log rate constants suggested inflection points where antimodes could be postulated to occur in the distribution curves (32). In each probit regression, the position of these inflection points which suggested a line of different slope was determined as follows: an arrow identified the last subject on the slope of a curve, such that the next subject and subsequent subjects belonged on a curve with a different slope. No subject on this new line of different slope returned to the slope of the preceding line.
Pedigree analysis. Pedigree analysis was performed on each of the six families investigated. Phenotypes were determined by each family member's position on the distribution curves constructed from the 79 unrelated subjects (Figs. 3-5) .
Correlations ofrate constants within subjects. To elucidate potential relationships among the genetic factors that control the formation of each main theophylline metabolite, correlation coefficients were determined for the different rate constants in all 99 related and unrelated individuals.
Correlations of metabolic data of theophylline and antipyrine in three families. To assess the degree of correlation between rates of formation of AP and theophylline metabolites after each subject received a single oral dose of each drug on two separate occasions, correlation coefficients were determined for all combinations of the different rate constants in the members of the three families who received both drugs.
Results
After a single oral dose of theophylline, mean (±SD) percentage recoveries of unchanged theophylline, 3-MX, 1-MU, and 1,3-MU were 10.3±3.8, 10.8±3.0, 17.7±5.4, and 38.8±8.8, respectively. The total recovery of administered theophylline as urinary theophylline and metabolites was 77.6±16.3% (mean±SD). These values are consistent with those reported by others (14, 22, 33, 34) .
Reproducibility of measurements in a given subject was evaluated by the two-tailed paired t test in the 10 unrelated subjects who received theophylline on two separate occasions. Intraindividual variations in rate constants remained small and did not reach statistical significance (P > 0.05), but interindividual variations, even in only 10 subjects, were approximately twofold. Throughout this study, other subjects who had received theophylline on two separate occasions also exhibited high reproducibility.
In samples of plasma obtained from subjects at various times after theophylline administration, concentrations of theophylline metabolites were below assay sensitivity. Decay curves of theophylline in plasma and saliva from individuals who received a single oral dose of theophylline were parallel. Slopes of these curves in plasma and saliva of a subject differed by <10%. Peak concentrations of theophylline were attained in plasma between 1 and 2 h after drug administration, with a mean peak theophylline concentration of 9.7±1.7 lug/ml (mean±SD).
In most subjects, theophylline metabolite concentrations in urine could not be measured accurately beyond 48 h after theophylline administration due to the presence in urine of interfering endogenous xanthines and uric acids at concentrations ranging from 2 to 3 ug/ml. In all subjects, urinary excretion of 3-MX, 1-MU, and 1,3-MU plotted according to the Rate and Sigma-Minus methods exhibited parallel, firstorder kinetics (Fig. 1) . A lag period of 2-4 h occurred between peak plasma theophylline concentrations and peak urinary excretion rates of metabolites.
Estimates of heritability for the overall elimination rate constant (ke1) and the rate constants for formation of the three major metabolites (kj) revealed predominantly genetic control over interindividual variation. Values for heritability, HI2, were 0.61, 0.84, 0.95, and 0.34 for k3Mu, k1Mu, k13Mu and ki, respectively (Table I) .
When intraclass correlation coefficients were compared for those twins, regardless of zygosity, who were living in the same (Table II) . However, even this influence of environmental factors on theophylline metabolism did not obscure the prominent role of genetic factors (Table I) (Table IV) . Fig. 6 shows the six pedigrees. Each pedigree was consistent with a monogenic hypothesis with respect to rate constants of theophylline metabolic formation. However, while for families 1-3 the genotype assignment in almost every subject for one theophylline metabolite applied as well for the other two metabolites, in families 4-6 a different genotype had to be assigned for 3-MX from that assigned for 1-MU and 1,3-MU.
Correlation coefficients between rate constants of formation of theophylline metabolites and overall theophylline elimination rate constant in 99 related and unrelated subjects appear in Table V . The mean correlation coefficient for all rate constants was 0.74. For the three pedigrees in which AP phenotypes had also been determined, Table VI summarizes correlations of theophylline rate constants (kIc,, k3-Mx, kl Mu, and k1,3-Mu) with AP rate constants (AP ken, k4oH AP, k3oHM-AP, and kNDM-AP) (12) . Highest correlations occurred between AP kl, and theophylline ke/1, k3MX, kl-Mu, and kl,3-Mu. These correlations were 0.77, 0.69, 0.68, and 0.77, respectively.
Discussion
The present investigation illustrates application of a previously proposed method consisting of two separate steps to reveal pharmacokinetic polymorphisms (28) : a twin study as an initial screen to determine whether genetic factors are operative in maintaining large interindividual variations and, if so, a family study to test the likelihood of a Mendelian mode of transmission. Our results on twins under near basal environmental conditions suggest that the large interindividual variations in theophylline metabolism that exist even in relatively uninduced subjects arise predominantly from genetic factors (Table I) . A fundamental assumption in the use of the twin method to estimate the distinct contributions of genetic and environmental factors to pharmacokinetic variation is that the environments of MZ and DZ twins are uniform with respect to critical factors (28) . In this study, the pharmacokinetic influence of environmental differences between twins living together and twins living apart was substantial. Potential sources of such environmental differences include various dietary factors (36) (37) (38) (39) (40) (Table  I) . In our study, fortunately, 3 sets of MZ and 3 sets of DZ twins lived together and three sets of MZ and three sets of DZ twins lived apart. This equality prevented the environmental differences discussed above from exerting a major influence on estimates of H2.
While use of twins revealed that genetic factors control phenotypic pharmacokinetic variations in theophylline disposition, pedigree analysis was required to establish or reject a Mendelian mode of transmission of these genetic factors. Pedigree analysis in six families and the trimodal distribution curves in the 79 unrelated subjects support a monogenic hypothesis for the control of the sixfold to eightfold interindividual variations in rate constants of formation of the three main theophylline metabolites. The alleles are transmitted as autosomal co-dominants.
It is uncertain whether more than one genetic polymorphism controls these interindividual variations in rate constants of formation of 3-MX, 1-MU, and 1,3-MU. An interpretation that only one polymorphism regulates formation of all three metabolites is supported by high, statistically significant correlations among these theophylline metabolite rate constants (Table V) . Thus, a common gene locus may either directly control, or at least participate in the regulation of all 3 oxidation reactions. Additional evidence for the regulation of all rate constants of formation of theophylline metabolites by a single gene locus includes the similar gene frequencies for rate constants of formation of each theophylline metabolite (Table IV) , the trimodality of the distribution and probit curves (Figs. 3-5) , and some aspects of the pedigree analyses (Fig. 6) , particularly genotype assignments for families 1-3, where the genotype assignment of almost every subject for one metabolite applies equally well to the two other metabolites. However, for families 4-6, genotype assignment that applied in a subject for both 1-MU and 1,3-MU changed for 3-MX, which is an observation difficult to explain if there is a common gene for all three metabolites. Present concepts in drug metabolism hold that individual oxidative pathways for many drugs are catalyzed not by a single cytochrome P-450, but rather by a family of cytochrome P-450 isozymes. Thus, more than one genetic polymorphism and cytochrome P-450 isozyme may participate in theophylline metabolism. Participation of several such distinct genetic polymorphisms and cytochrome P-450 isozymes in theophylline metabolism is also supported by distribution curves that differ for theophylline kel and the three metabolites, as well as by developmental and enzyme induction studies revealing genetically distinct pathways of theophylline metabolism. These studies indicate that Ndemethylation and 8-hydroxylation of theophylline are mediated by two separate forms of cytochrome P-450 (3, (13) (14) (15) .
It seemed reasonable that other drugs, such as AP, that also exhibit genetic polymorphism (12) (14, 15, 41, 42) . Such factors exerting unequal effects on the different isozymes of cytochrome P-450 could account not only for the correlations in Table V not being higher but also for the equivocal distribution curve of theophylline ke1. These considerations collectively emphasize the need to select for pharmacogenetic investigation measurements closer to the gene products than just elimination rates of parent drugs. Hardy-Weinberg analysis of genotype frequencies for the 79 unrelated subjects (Table IV) suggests almost equal frequencies of the postulated alleles p and q that appear to control high and low values for rate constants of each theophylline metabolite. Only for k3-Mx did chi-square analysis show a significant departure of observed from expected phenotype. This is not surprising and could be due to the small number of subjects studied or to nonrandom mating. The remote possibility of a selective advantage of the heterozygote cannot be eliminated.
The results of these studies on theophylline metabolism are compatible with those recently published by Miller et al. (9) . Nevertheless, several methodological differences between these studies exist. Their twin study on causes of large interindividual variations in theophylline elimination presented no evidence to suggest a commonly occurring polymorphism of theophylline metabolism. On the contrary, the single pedigree is offered as a possible example of a very rare genetic variation. Many subjects in the study of Miller et al. (9) The previously reported genetic polymorphism of AP (12) appears to be related to that of theophylline, since in the 15 family members studied with both drugs, significant correlations occurred between AP cl, and theophylline kec, k3-Mx, ki-Mu, and kl,3-Mu (Table VI) . These correlations suggest a common underlying genetic factor regulating theophylline and AP metabolism. However, the low correlations between rate constants of formation of theophylline and AP metabolites and also between individual metabolites of AP and theophylline kec suggest that while the pathways for AP and theophylline disposition may share some common regulatory factor, several cytochrome P450 isozymes responsible for producing AP and theophylline metabolites may differ. This latter possibility is supported by the different gene frequencies of the AP polymorphism where q varies between 0.1 and 0.2 for the three main AP metabolites and the theophylline polymorphism where q approximates 0.5 for each metabolite. All these considerations indicate that even in normal subjects under carefully regulated environmental conditions, control of large interindividual variations in the metabolism of AP and theophylline is complex.
Other investigators have also reported high correlations among subjects between their rate of theophylline and AP metabolism. Teunissen et al. (17) studied the correlation between AP and theophylline metabolite formation in man and concluded that total theophylline metabolism and the formation of 40H-AP are mediated by closely related, or even the same isozymes of cytochrome P-450. Inhibitors of drug metabolism such as cimetidine impair to similar extents the elimination of both theophylline and AP (43) (44) (45) . A diet high in charcoal-broiled beef induces to similar extents the metabolism of AP and theophylline (37) , and high dietary protein can by itself induce both antipyrine and theophylline (39) . Finally, cigarette smoking induces to similar extents the metabolism of AP and theophylline (14, 19, 20, 41, 42, (46) (47) (48) .
All these parallel changes in rates of AP and theophylline metabolism are consistent with similar metaboic regulation.
Because rates of theophylline and AP metabolism are correlated in a subject, and because it has been demonstrated that the AP polymorphism differs from the polymorphism of debrisoquine oxidation (48) (49) (50) , the theophylline polymorphism is probably unrelated to that of debrisoquine. In agreement with this conclusion, Dahlqvist et al. (18) reported that no relationship occurred between rates of theophylline or antipyrine metabolism in a subject, on the one hand, and of debrisoquine or sparteine on the other. This result suggests that the hepatic cytochrome P-450 isozymes that biotransform theophylline and AP differ from those that metabolize debrisoquine and sparteine.
Since interpretation of these and previously published pharmacogenetic studies relies heavily on correlations between rate constants of formation of different metabolites, the caution and pitfalls emphasized earlier (12) as inherent in such interpretations should be restated. Some pharmacokinetic correlations, such as those in Table V , while only moderately strong (r = 0.7-0.8), were highly statistically significant (P < 0.001) because of the relatively large number (99) of subjects investigated. Confusion occasionally arises between the numerical value of a correlation coefficient and the predictability of that correlation. They are not synonymous: the predictability of one variable based on its correlation to another is not determined by r but by r2 (51), a much lower number than r. The widespread practice of using correlations as proof of a pharmacological relationship, rather than as a clue to design and perform a well-controlled experiment that adequately tests a hypothesis, should be discouraged (52, 53) .
Depending on the drug selected for study and the population(s) investigated, large variations, ranging from 4-fold to 40-fold, occur among subjects for many other commonly prescribed drugs (28, 29, 54, 55 
